EEG and cerebral blood flow abnormalities have been documented in chronic cocaine abusers. To identify possible relationships between EEG and blood flow changes and their relationship to the intensity of cocaine use, we recorded the resting eyes-closed EEG and anterior (ACA) and middle (MCA) cerebral artery blood flow velocity during systole (V, ) 7] days of cocaine use in month prior to screening) cocaine users within 5 days of admission to a closed research unit. Forty-two non-drug-using, age-matched control subjects (22 male, 20 female) were tested as outpatients. A 3-minute period of resting EEG was recorded from 16 standard scalp electrodes. Artifactfree EEG was converted to six frequency bands (delta, theta, alphal, alpha2, betal and beta2) using a Fast Fourier Transform. Pulsatility index (PI ) was calculated as a measure of small vessel resistance Cocaine users had decreased VD and increased PI in the MCA, with no difference in VS, and reduced EEG theta, betal and beta2 absolute power in posterior brain regions. Recent cocaine use was positively associated with MCA PI (r 0.27, p < 0.001) and negatively associated with low frequency EEG power (delta power: r -0.25, p < 0.002; theta power: r -0.29, p< 0.001). EEG betal (r -0.211, p < 0.05) and beta2 (r -0.176, p < 0.05) power measures were correlated with PI. These observations suggest that EEG and TCD changes reflect related physiological processes during early cocaine abstinence
INTRODUCTION
Neurological complications of cocaine use include stroke^,'.^ seizures,b and headache.g Cerebrovascular perfusion deficits have been observed in chronic cocaine users with the techniques of single photon emission computed tomography (SPECT) and magnetic resonance imaging (MR1),'?18 primarily in frontal, central and temporal cortices. These perfusion deficits have been found after 6 months of monitored abstinence from cocaine.'* We have previously reported cerebrovascular deficits detected by transcranial Doppler (TCD) sonography over 4 weeks of monitored cocaine abstinence, including lower systolic and diastolic blood flow velocities and increased pulsatility index in the anterior and middle cerebral arterie~.'~ Prolonged use of cocaine is also associated with EEG changes,2o.
j! including decreases in delta and theta andlor increases in alpha and beta frequency band power. These EEG changes have not been clearly associated with specific neurological or cognitive deficits. A l~e r '~ suggested that the decrease in EEG delta activity observed in cocaine abusers is associated with cognitive deficits, while increases in EEG delta activity have been traditionally associated with impaired cognitive function in other The increased EEG alpha activity observed in cocaine userszoz4 might have resulted from cocaine users with co-morbid depression, since those studies included depressed cocaine abusers. Alper and associatesZo tested seven depressed cocaine users and found increased absolute and relative alpha power. Roemer and attributed the increase in relative alpha power to the decrease in power in other bands. Increases in EEG beta observed in cocaine abusers might be linked to increased risk alcohol dependence, conduct disorder and a family history of alcoho1ism.2z. 34 The relationship between the cerebrovascular perfusion deficits and the resting EEG changes both observed early in cocaine abstinence remains unclear. The goals of the present study were to (1) examine the relationship between EEG and cerebrovascular changes in chronic cocaine users, and (2) examine the relationship between these changes and history of cocaine use.
METHODS

Subjects
Participants were 99 adult (76 male, 23 female; mean [SD] age 34.3 [5.2] years), chronic cocaine users and 42 adult (22 male, 20 female) nondrug using, age-matched controls recruited from the community. The study was approved by the Institutional Review Board of the National Institute on Drug Abuse (NIDA) Intramural Research Program (IRP). Subjects gave written informed consent and were paid for their research participation. All subjects were physically healthy, based on medical history, physical examination, clinical laboratory tests, and 12-lead ECG. Psychiatric and substance use histories were assessed with the Diagnostic Interview Addiction Severity Index (AS1),37 and urine drug testing Both groups were primarily African-American. The cocaine users were slightly older, less educated, and more likely male than the controls ( 
Study Design
Cocaine users were studied within 8 days (mean = 1.9, SD= 2.3 days) of admission to a closed research ward. Abstinence on the ward was monitored by searches of personal belongings and mail, absence of visitors or passes, and random urine drug screening. At the study session, TCD was done first, followed immediately by resting EEG. Subjects were not allowed to smoke for at least 20 minutes before testing. Control subjects were tested using the same measures and procedures, except they were tested as outpatients. Artifacts in the EEG were removed by computer assisted visual inspection by an operator blind to the test day and subject. Artifact-free EEG was converted to 6 frequency bands using a Fast Fourier Transformati~n~~: delta (1 to4 Hz), theta (4 to 8 Hz), alpha (8 to 12 Hz), and betal and beta2 power (12 to 40 Hz). Data were analyzed in terms of absolute power in each frequency band TCD Procedures Blood flow velocity was determined using a temporal window (zygomatic arch) for four arteries, right and lefl middle (MCA) and right and left anterior (ACA) cerebral arteries, using pulsed transcranial Doppler sonography (Model TC2000, Nicolet, Madison, WI). TCD uses a hand-held ultrasound transducer placed against the skull to locate the cerebral artery of interest, based on skull location, angle, and depth setting. A shifl in frequency in the reflected sound indicates the blood flow velocity in that artery. Blood flow velocity (cmls) during cardiac systole (Vs) and diastole (Vd), mean velocity (Vm), and pulsatility index (PI = (Vs-Vd)Nm) were obtained for each artery. PI is considered to reflect downstream small vessel Resting heart rate and blood pressure were measured at the time of TCD recording. Because no laterality differences were observed (data not shown), TCD data were analyzed as mean of the left and right side
Statistical Analysis
Comparisons of subject characteristics between the cocaine and control groups were done by t-test for quantitative variables and by xz test for categorical variables. The effect of cocaine use on EEG power was evaluated with 2-way, group (cocaine vs. controls) by electrode ANOVA applied separately to each frequency band. The effect of cocaine on each TCD measure was evaluated by one-way, between 
RESULTS
Cocaine users had decreased theta, betal, and beta2 absolute power in posterior scalp regions, with a trend towards decreased delta power in the left parietal region (p 0.08) as compared to the control subjects (see Figure 1 ). Recent cocaine use was negatively correlated with EEG power, i.e., the greater the amount of recent cocaine use, the less power in the theta (r = -0.25, df = 137, p < 0.001) and betal (r -0.19, df 137, p < 0.02) frequency bands.
Cocaine users had decreased diastolic blood flow velocity and increased PI in the MCA compared to controls for both the ACA and the MCA (see Table 3 ). There was no difference in systolic blood flow velocity between cocaine users and controls. Recent cocaine use was positively-correlated (r 0.27, df 137, p < 0.001) with PI, i.e., the greater the amount of recent cocaine use, the greater the PI. There was no significant correlation between either systolic or diastolic blood flow velocity and cocaine use.
There were no significant correlations between velocity measures and absolute power in any of the 6 EEG frequency bands (Table 4) . PI was inversely correlated with betal and beta2 power (Table 4) .
DISCUSSION
The present study found that, in comparison to controls, recently abstinent cocaine users showed decreases in absolute EEG power in theta, betal. and beta2 frequency bands in posterior brain regions. Visual representation of log transformed absolute EEG power in each of the six frequency bands for the control group (1st column) and cocaine-using group (2nd column). The 3rd column shows the statistical significance of the difference between the two groups (see text for description of statistical methods). Vertical bar at lower right shows color code for EEG power (lefl side) and p value (with Bonferroni correction) of group difference (right side). In comparison to controls, w i n e users showed decreased power in posterior regions in theta, betal, and beta2 frequency bands. m i n e users.= This may be due to different analytic techniques or to differences in subject gender, alcohol use, or prevalence of anti-social personality disorder or family history of alcoholism, all of which have been associated with changes in beta power. Both alcohol dependence and a family history of alcoholism have been associated with increased beta power." Women have less increased beta power than do men in association with cocaine" or alcohol use." Diastolic blood flow velocity measured by TCD was significantly greater in the anterior and middle cerebral arteries of controls compared with chronic cocaine abusers, while PI, a measure of small vessel r e s i~t a n c e ,~~,~~ was significantly elevated in cocaine users compared with controls. This is consistent with our earlier findings in a smaller sample of cocaine u~e r s . '~ Cerebral perfusion deficits in abstinent cocaine users have been observed with other methodologies, such as SPECT and MR1.12.18 Recent cocaine use was positively-correlated with PI, i.e., the greater the amount of recent cocaine use, the greater the PI. There was no significant correlation between cocaine use and either systolic or diastolic blood flow velocity. Recent cocaine use was negatively correlated with EEG power, i.e., the greater the amount of recent cocaine use, the less power in the theta, and beta bands. There were no significant correlations between blood flow velocity measures and any of the six EEG frequency bands. The pulsatility index was inversely correlated betal and beta2 power, i.e., the greater the PI or resistance in small cerebral blood vessels, the lower the power in the beta EEG bands. In previous EEG studies of m i n e abusers by this laboratoryz8 and others,= relative EEG beta power was increased in cocaine users as compared to control subjects. Costa and BaueP were the only group of researchers to observe an increase in absolute EEG beta power in cocaine abusers compared to control subjects. The present study found a decrease in both betal and beta2 power in cocaine users, which was correlated with an increase in cerebral small vessel resistance as measured by TCD sonography. In studies of ischemic stroke, increases in delta and theta EEG activity have been associated with deficits in cerebral perfusion, while decreases in beta activity have been associated with subtle decreases in brain petfu~ion.~'
The present study has several strengths and was performed on a large sample of well characterized control subjects and m i n e users. Both EEG and cerebral perfusion were measured at the same time in the same subjects, allowing for direct comparison of the two measures.
This study has several limitations. The two groups were not age or sex matched, although age was statistically controlled by using an analysis of covariance or partial correlation analyses. While one would not expect to see gender differences in the EEGs of healthy adults, resting EEG is relatively stable throughout healthy adult life and TCD changes start above age 50, or in post-menopausal women, age was used as a statistical control throughout the present study.
In conclusion, these TCD findings are consistent with those from SPECT and fMRl showing abnormal brain perfusion in cocaine users. EEG findings are also consistent with those observed in abstinent cocaine users in other studies. Our study shows a relationship between the cerebral perfusion and EEG in abstinent cocaine abusers suggesting the probability of using these parameters as potential markers of treatment response.
